This paper presents the photoluminescence spectra and light emission lifetimes in GaAs/Al 0.3 Ga 0.7 As structures designed for microwave and terahertz detectors. The photoluminescence and light emission lifetimes were investigated both before and after etching of the cap-layers, and possible mechanisms of carrier recombination are discussed. The characteristic time of the free exciton emission corresponds to 0.5 ns at a temperature of 3.6 K. The recombination lifetime of the free electron acceptor was measured to be 22-25 ns in GaAs structures and 4-15 ns in AlGaAs structures. The emission lifetime of deep Si level having 170 meV activation energy in AlGaAs layer was found to be equal to 40 ns. The excitonic photoluminescence maxima of n + /n-GaAs and n + /n-Al 0.3 Ga 0.7 As homojunction structures in comparison to n-GaAs and n-Al 0.3 Ga 0.7 As were shifted by approximately 200 ps. This suggested that the drift of free carriers is important in the formation of free excitons in n-GaAs and n-Al 0.3 Ga 0.7 As layers.
Introduction
The focus on radiation technology has in the recent years shifted from frequencies in the infrared region to the terahertz region. This spectral range has an enormous potential for applications such as biology, medicine, security, and wireless communications [1, 2] . However, the main challenge of utilizing the frequencies in this field is the lack of suitable and reliable terahertz sources and detectors. Hence, the current research in the field of communication technology aims to increase the operational bandwidth of its emitters and detectors. Though the greatest achievements have been reported in the visible, near-infrared, and microwave (MW) bands, the performance of existing device technology in the high-frequency MW region as well as in the terahertz (THz) range is still considered being modest. Therefore, a new generation of emitters [3, 4] and detectors [5, 6] based on n + /n, n + /i and p + /i homojunctions or GaAs/AlGaAs heterostructures [7] has been proposed for operation in the MW and THz ranges. However, the characterization of these devices has not been fully investigated so far.
We have developed a novel device model based on GaAs and AlGaAs structures for the detection of radiation in the broad band region from MW to THz [8] . This paper presents a continuous wave photoluminescence (PL) and time-resolved photoluminescence characterization of these structures.
The possible mechanisms of carrier recombination are discussed and an emphasis is placed on the enhancement of the photoluminescence and the reduction of the excitonic emission lifetime observed in these structures.
Samples and experimental protocol
The structures were grown by molecular beam epitaxy (MBE) [9, 10] on a semi-insulating GaAs substrate. The active region consisted of two homojunctions: Si-doped n + /n (or n/n + ) Al x Ga 1-x As and n + /n (or n/n + ) GaAs. The layered composition of the GaAs/Al x Ga 1-x As structure is shown in Table 1 . The samples #1 and #6 were grown with aluminum mole fraction x = 0.3 in the active region based on two different designs.
The time-integrated PL was measured by a fully automated monochromator FHR-1000 with the focal length of 1000 mm. The spectra were dispersed with blazed 1200 gr/mm grating, and the spectral dispersion was 0.8 nm/mm. The wavelength spectral resolution was 0.01 nm at a 10 µm exit slit width, or a correspondent energy spectral resolution was 0.02 meV at 820 nm and 0.03 meV at 645 nm. An Ar-ion laser was used as an excitation source. The excitation energy was in the region of 2.2-2.7 eV and the PL was detected by a thermoelectrically cooled GaAs photomultiplier operating in the photon counting regime.
The time-resolved PL measurements were carried out using a frequency-doubled diode-pumped Nd:LSB microchip solid-state laser with a 400 ps FWHM pulse width. The pulse repetition rate was 10 kHz with an average output power of 40 mW. The excitation wavelength was 531 nm (photon energy 2.3 eV). The PL was detected with a thermoelectrically cooled high efficiency extended-red multi-alkali cathode photomultiplier with an internal GHz preamplifier. The transient photoluminescence were measured using a time correlated single photon counting (TCSPC) system [11] . In order to avoid jitter, the measured signal was synchronized with a part of splitted exciting laser pulse.
The excitation intensity was changed by using neutral glass filters. The 1 W @4.2 K model SHI-4 closed cycle helium optical cryostat enabled to control the sample temperatures from ambient room temperature (300 K) down to 3.6 K. The cryostat was equipped with two thermometers: the first one was used to control operation of the equipment and the second measured temperature of the sample.
Chemical etching of the top layers was performed using a H 3 PO 4 :H 2 O 2 :H 2 O = 1:1:50 solution. The degree of etching was controlled with a profilometer by leaving part of the sample unetched.
Experimental results
The PL spectra of GaAs/Al 0.3 Ga 0.7 As structures at a temperature of 3.6 K using a laser excitation intensity of I = 1.36 W/cm 2 are presented in Fig. 1 . One can resolve two parts of the spectra indicated by segments. The first one, below 1.57 eV, is attributed to GaAs layers. The emission below the forbidden energy gap, E g (GaAs) = 1.519 eV, is related to the lightly doped GaAs layer. Lower energy transition at 1.49 eV, labelled e-A, is a recombination of a free electron with the residual acceptor. The transition at 1.515 eV is a well-known free exciton line [12] (marked as X in Fig. 1 ). The broad band from 1.5 to 1.57 eV is attributed to emission from the heavily doped GaAs layer (n + -GaAs). This broad band nearly disappeared from the spectra when the The second part of the PL spectra is associated with the Al 0.3 Ga 0.7 As layers. This part of the spectrum can be interpreted as a superposition of two separate spectra arising from both the n + -type and n-type Al x Ga 1-x As layers. As Fig. 1 shows, this part of the spectrum consists of five broad peaks.
In order to measure the PL spectra lines from the Al 0.3 Ga 0.7 As layers in sample #6, the n + and n GaAs cap-layers had to be removed. The spectrum is shown as a dotted line in Fig. 1 . The high-energy broad peak n + is related to the radiation from n + -Al xGa 1-x As. We have measured the PL intensity of the X peak to be around 1.926 eV at 3.6 K. This PL intensity increases with temperature and has been identified as the excitonic line. Two other peaks, labelled as e-A 1 and e-A 2 , found around 1.903 and 1.870 eV at a temperature of 3.6 K, have been found to saturate and disappear above 40 and 60 K, respectively. Consequently, they should be related to two different shallow impurities. The nature of the lowest energy broad peak d dominating at the liquid nitrogen temperature (77 K) can be also related to defects.
In a previous paper [13] , the enhancement of PL emission intensity in n + /n-GaAs and n + /n-Al 0.3 Ga 0.7 As homojunctions of one of these structures (sample #1) has been reported. Below we present PL decay transients in n + /n-GaAs, n-GaAs, n + /n-Al 0.3 Ga 0.7 As, and n-Al 0.3 Ga 0.7 As parts of that structure. Figure 2 shows the PL time evolution of different emission bands in layers of (a) n + /n-GaAs and (b) n-GaAs in sample #6 after conducting a pulsed laser excitation at a temperature of T = 3.6 K. The curves were fitted by incorporating one or two exponential decay constants, and the characteristic decay times were extracted. Short lifetimes were extracted after application of deconvolution algorithm for signal processing [14, 15] . As a result, the free excitonic emission decay time of the n-GaAs layer is equal to τ X (n-GaAs) = 0.4 ns and that of the n + /n-GaAs structure is slightly longer and equal to τ X (n + /n-GaAs) = 0.6 ns at 3.6 K. The free electron-acceptor decay consists of two parts. The initial part is very fast and is related to the free carrier capturing in excitons and defects. The second part is related to the free electron recombination via acceptor impurities. The characteristic emission time is equal to about τ e-A = 22-25 ns. Figure 3 shows the temperature dependence of PL decay transients of excitonic emission lines X of (a) n + /n-GaAs and (b) n-GaAs layers in sample #6. The excitonic emission in GaAs is considered up to a temperature of liquid nitrogen 77 K [16] , and an increase in the excitonic lifetime from 0.4 to 0.6 ns for the n-GaAs layer and from 0.6 to 1.2 ns for the n + /n-GaAs structure in the temperature range from 3.6 to 40 K, respectively, is observed (Fig. 3) . Figure 5 shows a more detailed time scale of the PL time evolution of the excitonic X and electronacceptor e-A 1 emission bands of the n + /n-Al 0.3 Ga 0.7 A structure (sample #1) at T = 3.6 K. At the energy of 1.78 eV, the broad emission band in a continuous wave PL spectrum of the Al 0.3 Ga 0.7 As layer was Figure 4 shows the PL time evolution of the different emission bands of (a) n + /n-Al 0.3 Ga 0.7 As and (b) n-Al 0.3 Ga 0.7 As layers in sample #1 after pulsed laser excitation at a temperature of T = 3.6 K. The free excitonic emission decay time for both the nAl 0.3 Ga 0.7 As and the n + /n-Al 0.3 Ga 0.7 As structures is similar and equal to 0.5 ns. The evolution time of the free electron-acceptor emission characteristic varies from 4 to 15 ns, and it depends on the origin of the acceptor and on the structure itself. Some of the free carriers can drift to the energetically lower regions of the structure (e. g. GaAs) which can influence the free carrier concentration in the energetically higher region (Al 0.3 Ga 0.7 As). observed (see Fig. 1 ). This broad band emission was attributed to point defects or complexes of Si with point defects [13] . The measurement of the emission lifetime of the defect-related emission d, which is also presented in Fig. 5 , confirms that this emission is related to a deep defect level. The decay emission curve is not purely exponentional; however, the central part of the curve was approximated by an exponent. More details about estimation of local energetic levels can be found in Ref. [17] . The extracted characteristic emission lifetime is relatively long and equals about 40 ns. This lifetime was the longest one found in the structures that were investigated. Figure 6 shows the temperature dependence of (a) excitonic X and (b) free electron-acceptor e-A 1 PL decay transients in the n + /n-Al 0.3 Ga 0.7 As structure of sample #1. The excitonic decay lifetime is nearly independent of temperature, and the free electronacceptor decay lifetime is also found to be independent at temperatures up to 20 K. At higher temperatures T ≥ 40 K, the free electron-acceptor decay time gets shorter since the thermal ionization of acceptors and other recombination channels (such as bandband recombination) starts dominating.
Discussion
The radiative lifetime of free excitons in ultrapure GaAs is 3.3 ns at the threshold of very low temperatures (1.7 K) [18] . The free exciton radiative characteristic time constant in our investigated structures is about 0.5 ns. This behaviour implies the existence of other radiative and nonradiative recombination channels.
In a previous publication [13] , the enhancement of the continuous wave PL emission intensity in n + /n-GaAs and n + /n-Al 0.3 Ga 0.7 As homojunction regions of these structures was reported. A comparison of the emission from n-GaAs and n-Al x Ga 1-x As layers with the emission from those being in contact with heavily doped layers revealed that the emission lines from the homojunctions were more intensive. The experiment showed that the contact of n-GaAs with n + -GaAs and n-Al x Ga 1-x As with n + -Al x Ga 1-x As gives rise to the intensity of PL spectra by about 10 and 20 times, respectively.
Similar effects were observed in Si-doped n + /n-GaAs homojunction structures [19] , Si δ-doped GaAs structures [20] , in selectively Sidoped GaAs/AlGaAs heterostructures [21] as well as in AlInN/GaN heterostructures [22] . Theoretical calculations show that a strong electric field is induced in all of these structures at the interface side of the active layer. A good correlation was also shown between the calculated built-in electric field strength and the measured enhancement of the excitonic line intensity.
The incident laser beam generates electronhole pairs at a certain depth of light penetration, and the pho togenerated carriers can form excitons in the n-GaAs (or n-AlGaAs) layer. These in turn may re com bine back by emitting photons. However, the presence of a strong built-in electric field prevents exciton formation in the close proximity to the n + /n in ter face region where electric fields above 1 kV/cm destroy excitons by electron tunnelling. Consequently, holes are driven away from the interface, while the electrons drift towards the interface in the flat band region of the n-GaAs (or n-AlGaAs) layer. In the flat band region the accumulation of free carriers is initiated and the number of excitons is increased. The enhancement of free carrier concentration change the emission rate and quantum yield. This may explain in part the observed enhancement of the excitonic line intensity in the n + /n-GaAs (or n + /n-Al 0.3 Ga 0.7 As) homojunctions. The concentration change in free carriers leads to a redistribution between the emission channels because the excitonic emission intensity depends on the square law of the free carrier concentration. However, the impurity or defect-related recombination intensity has a linear dependence on the free carrier concentration [23] .
Our experimental results shows that drift processes are important aspects to consider in the formation of excitons in n + /n-GaAs and n + /n-Al 0.3 Ga 0.7 As flat band regions. Figure 7 shows a comparison of the excitonic X PL rise and decay transients in n-GaAs (dotted curve) and n + /n-GaAs layers (solid curve) of sample #6 (a), as well as n-Al 0.3 Ga 0.7 As (dotted curve) and n + /n-Al 0.3 Ga 0.7 As layers (solid curve) of sample #1 (b). The PL maximum of both n + /n structures is shifted by about 200 ps. This fact indicates that an additional time (approximately a few hundred picoseconds) is required to accumulate free carriers
Conclusions
The PL spectra and light emission lifetimes in GaAs/Al 0.3 Ga 0.7 As structures designed for MW and THz detectors were investigated, and possible mechanisms of carrier recombination have been discussed. The measured free exciton emission characteristic time was found to be 0.5 ns at a temperature of 3.6 K. The free electron-acceptor recombination lifetime was 22-25 ns in the GaAs structures and 4-15 ns in the AlGaAs structures. The emission lifetime of deep Si level having a 170 meV activation energy in the AlGaAs layer was found to be equal to 40 ns. The excitonic PL maximum of n + /n-GaAs and n + /n-Al 0.3 Ga 0.7 As homojunction structures offers delays of approximately 200 ps compared to n-GaAs and n-Al 0.3 Ga 0.7 As structures. This indicates that the free carrier drift is an important factor in the formation of free excitons in the n-GaAs and n-Al 0.3 Ga 0.7 As layers of the homojunction structures. in the flat band region of the homojunction structures. A similar result of free exciton dynamics was obtained in modulation-doped GaAs/AlGaAs structures [24] . There exists another explanation that relates the enhancement of the PL with the elimination of surface recombination [25] . However, this model cannot fully explain the excitonic emission enhancement observed at low temperatures. More widely this problem has also previously been discussed in literature [19] .
